Oxidative damage contributes to microbe elimination during macrophage respiratory burst. Nuclear factor, erythroid-derived 2, like 2 (NRF2) orchestrates antioxidant defenses, including the expression of heme-oxygenase-1 (HO-1). Unexpectedly, the activation of NRF2 and HO-1 reduces infection by a number of pathogens, although the mechanism responsible for this effect is largely unknown. We studied Trypanosoma cruzi infection in mice in which NRF2/HO-1 was induced with cobalt protoporphyrin (CoPP). CoPP reduced parasitemia and tissue parasitism, while an inhibitor of HO-1 activity increased T. cruzi parasitemia in blood. CoPP-induced effects did not depend on the adaptive immunity, nor were parasites directly targeted. We also found that CoPP reduced macrophage parasitism, which depended on NRF2 expression but not on classical mechanisms such as apoptosis of infected cells, induction of type I IFN, or NO. We found that exogenous expression of NRF2 or HO-1 also reduced macrophage parasitism. Several antioxidants, including NRF2 activators, reduced macrophage parasite burden, while pro-oxidants promoted it. Reducing the intracellular labile iron pool decreased parasitism, and antioxidants increased the expression of ferritin and ferroportin in infected macrophages. Ferrous sulfate reversed the CoPP-induced decrease in macrophage parasite burden and, given in vivo, reversed their protective effects. Our results indicate that oxidative stress contributes to parasite persistence in host tissues and open a new avenue for the development of anti-T. cruzi drugs.
Introduction
Oxidative stress is generated during acute Chagas disease and contributes to the tissue damage observed with this infection. Trypanosoma cruzi, the causative agent of Chagas disease, infects cardiomyocytes, alters their mitochondrial potential, and induces ROS (1) . This overwhelms the antioxidant defenses and produces persistent oxidative stress (2) (3) (4) . Free iron and heme are released from damaged muscle cells and may potentially contribute to oxidative stress (5) and inflammation (6, 7) . Furthermore, macrophages are activated to produce ROS via respiratory burst during infection (8) (9) (10) . Though ROS are detrimental to most pathogens, T. cruzi has highly effective antioxidant machinery that may potentially confer resistance to oxidative environments (11) .
Antioxidant defenses orchestrated by the transcription factor NRF2 help maintain redox environments in cellular compartments, allowing them to perform tasks that require ROS at optimal concentrations, such as protein folding in the endoplasmic reticulum (12) . Increased mitochondrial respiration and phagocyte respiratory burst are oxidative events that can overwhelm NRF2-dependent antioxidant defenses and lead to redox imbalance. The expression of the enzyme HO-1 is regulated by NRF2. This enzyme has antiapoptotic, anti-inflammatory, and anti-immunogenic capacities (13) . HO-1 can shift the redox balance by degrading the pro-oxidant heme and increasing the amount of the antioxidant biliverdin and, subsequently, bilirubin, by-products of this reaction. Pro-oxidant Fe 2+ is also produced by heme degradation, but it is safely disposed of through sequestration by ferritin or exiting the cell through ferroportin (13) . HO-1 can also translocate to the nucleus and directly activate antioxidant mechanisms (14) . Additionally, NADPH oxidase (NOX2), the enzyme responsible for macrophage oxidative burst, is a heme-protein, and its activity is greatly decreased by the reduction of heme availability with the induction of HO-1 (15) .
Pathogens may be subjected to ROS-mediated oxidative damage during phagocyte burst; in addition, ROS can combine with NO to form highly lethal peroxynitrite. There are a few exceptions to the rule that ROS are detrimental to pathogen growth: antioxidant administration, as well as deficiency in NOX2, decrease pathogen burden in some viral infections (16) (17) (18) , and ROS favor the growth of Mycobacterium abscessus inside macrophages (19) . The expression of NRF2 target antioxidant genes is thus expected to weaken defenses against ROS-sensitive pathogens. In fact, HO-1 expression promotes liver infection by Plasmodium berghei and Plasmodium yoelii (20) . However, HO-1 induction reduces viral burden in hepatitis B (21) , hepatitis C (22) , enterovirus-71 (17) , and HIV (23) infections; mediates macrophage resistance to Salmonella serovar Typhimurium (24) ; and enhances bacterial clearance of Enterococcus faecalis (25) . NRF2 induction also reduces infection with RSV (26) , and Nrf2 -/-mice are susceptible to Pseudomonas aeruginosa (27) . Together, these results suggest that NRF2/HO-1 might participate in innate immunity, perhaps against pathogens that thrive in oxidative environments. Herein, we investigated the therapeutic effects of HO-1 induction in T. cruzi infection. Our results indicate that oxidative stress generated in response to T. cruzi infection contributes to maintenance of high parasite burdens.
Results

The NRF2/HO-1 inducer CoPP increases resistance to T. cruzi infection.
To determine the role of HO-1 in acute T. cruzi infection, we infected C57BL/6 mice with the Y strain and treated them with cobalt protoporphyrin (CoPP), an inducer of HO-1 expression that activates NRF2 (28) , or with tin protoporphyrin (SnPP), an inhibitor of HO-1 activity. Treatment was discontinued at the end of patent parasitemia (10 days after infection [dpi] ). CoPP greatly reduced parasitemia, while SnPP increased it ( Figure 1A ). All mice survived infection with T. cruzi. At 8 dpi, parasitism was low in tissues from CoPP-treated mice but higher in hearts and skeletal muscle from SnPP-treated mice ( Figure 1 , B and C). Parasites were mostly confined to infiltrating cells in these tissues ( Figure 1D ). By 15 dpi, the parasitism was controlled in SnPP-treated mice, and CoPP-treated mice had reduced burden in the heart and striated muscle as compared with untreated controls ( Figure 1E ). Thus, contrary to our hypothesis, the induction of NRF2/HO-1 expression correlated with decreased parasite burden.
CoPP does not alter adaptive immunity. Both CD8 + and Th1 lymphocytes are essential for controlling T. cruzi infection (29, 30) . T. cruzi infection induces ROS production by macrophages, which inhibits the immunoproteasome and decreases class I antigen presentation (31) . Based on that, we predicted that activating antioxidant mechanisms with CoPP treatment would favor MHC class I antigenic presentation and thus allow a more effective CD8-mediated protective response. However, treatment of Cd8 -/-( Figure 2A ) and perforin-knockout (Pfn -/-) ( Figure 2B ) mice with CoPP reduced parasitemia and mortality to levels similar to those of wild-type mice.
Antioxidants alter Th responses (32) . Treatment with CoPP did not alter the production of IFN-γ or IL-17A by splenocytes stimulated with ConA, anti-CD3, or T. cruzi antigen at 9 dpi (Figure 2C) . IL-4 remained close to the lower limit of detection in all groups (data not shown). Plasma IFN-γ concentrations did not change in response to CoPP (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/ JCI58525DS1). Treatment of infected Ifng -/-mice with CoPP greatly reduced parasitemias and postponed death, although treatment did not totally compensate for their high susceptibility to infection. Infected Ifng -/-mice relapsed with parasitemia after treatment was discontinued at 10 dpi ( Figure 2D ). Likewise, treatment with CoPP greatly reduced parasitemia and postponed death of Rag2 -/-mice, and parasitemia increased only after treatment was discontinued ( Figure 2E ). Also, CoPP did not substantially alter lymphocyte apoptosis (Supplemental Figure 1B) . Together, these data indicate that CoPP does not reduce parasitism by regulating T lymphocyte immunity.
CoPP reduces macrophage parasitism in vivo and in vitro. Peritoneal macrophages from infected mice, untreated or treated with CoPP or SnPP, were screened for amastigotes at 9 dpi. Administration of CoPP to mice reduced macrophage parasitism, while SnPP increased it ( Figure 3A) . We also infected thioglycollate-elicited macrophages in vitro and treated them with CoPP or SnPP. Treat-
Figure 1
Treatment with CoPP reduces T. cruzi parasite burden. (A) Mean parasitemia during acute infection (n = 7 mice per time point). The experiment was performed 5 times. Mean parasitism in (B) heart and (C) skeletal muscle at 8 dpi. (D) Infected cells infiltrating the heart from SnPP-treated mice at 8 dpi. Scale bar: 10 μm. (E) Mean parasitism in heart and skeletal muscle at 15 dpi. At least 50 fields were assessed per H&E section from each of 4 mice per group. Yellow arrows indicate parasites. Insets (×560) show parasites among inflammatory leukocytes. Experiments were performed twice, with similar results. *P < 0.05 compared with infected nontreated controls. Error bars represent SEM. Scale bars: 100 μm. ment with CoPP reduced macrophage parasitism, while SnPP increased it ( Figure 3B ). When trypomastigotes were allowed to mature, CoPP also reduced the numbers of trypomastigotes (Supplemental Figure 2A ). Infected macrophages treated with CoPP had higher HO-1 expression (Supplemental Figure 2B ). These data show that the HO-1 inducer CoPP reduces macrophage parasitism by T. cruzi in vivo and in vitro.
CoPP depends on macrophage physiology to reduce parasitism and does not act directly on the parasite. SnPP, CoPP, and the by-products of HO-1 activity biliverdin and bilirubin were unable to kill trypomastigotes in vitro, as determined by trypomastigote motility (Supplemental Figure 2C) . In contrast to benznidazole, CoPP could not kill trypomastigotes even after 48 hours incubation, as assessed by propidium iodide (PI) staining (Supplemental Figure 2D) . Neither the supernatant of macrophages incubated with CoPP nor the sera from mice treated with CoPP were able to kill trypomastigotes in vitro, indicating that no trypanocidal soluble factor is induced in response to CoPP (Supplemental Figure 2, E-G). However, treatment of macrophages with CoPP after differentiation of trypomastigotes into amastigotes (24 hours) did reduce infection (Supplemental Figure 2H) . Likewise, CoPP administered to mice starting at 2 dpi (allowing differentiation into amastigotes) also reduced parasitemia (Supplemental Figure 2I ), indicating that CoPP does not target amastigogenesis. However, CoPP did not alter parasite burden in the fibroblastic cell line L929 ( Figure 3C ), indicating that its effects depend on macrophage physiology rather than acting directly on the parasite.
HO-1 overexpression reduces macrophage parasitism, but CoPP activates redundant mechanisms of T. cruzi elimination through Nrf2 activation. CoPP is known to decrease NRF2 degradation, thereby increasing expression of HO-1 (28) . We tested whether HO-1 overexpression could mimic the decrease in parasitism mediated by CoPP in THP-1 cells ( Figure 3D ). Transfection of THP-1 cells with an Hmox1 vector markedly decreased parasitism as compared with mock-transfected controls ( Figure 3D ). We then tested whether CoPP required HO-1 expression in order to reduce parasitism. CoPP similarly decreased the parasitism of bone marrow macrophages (BMMs) from wild-type and HO-1-deficient (Hmox1 -/-) mice ( Figure 3E ). These results suggest that other NRF2 target genes induced by CoPP can replace HO-1 in its absence to reduce parasitism. Indeed, CoPP failed to reduce parasitism in Nrf2 -/-BMMs ( Figure 3F ), demonstrating that NRF2 is required for CoPP to reduce parasitism. THP-1 cells transfected with Nrf2 showed reduced parasitism compared with mocktransfected controls ( Figure 3G ). We also incubated infected macrophages with the NRF2 activators oltipraz, sulforaphane, pterostilbene, and resveratrol. Similar to CoPP (Figure 3H ), the other NRF2 activators reduced macrophage parasitism in a dose-dependent fashion (Figure 3 , I-L). Resveratrol and pterostilbene administration in vivo also reduced parasitemia ( Figure 3M ). Together, our data indicate that genes activated by NRF2 redundantly control resistance to T. cruzi infection in macrophages.
Figure 2
CoPP-mediated reduction of T. cruzi parasitemia does not involve adaptive immunity. (A) Effect of CoPP or SnPP treatment on survival and mean parasitemia in wild-type control, Cd8 -/-(n = 7-8), and (B) Pfn -/-mice (n = 6-9). (C) Cytokine production by splenocytes stimulated with ConA, anti-CD3 (for 24 hours), or T. cruzi antigen (Ag; for 48 hours). Splenocytes were pooled from 3-5 mice per group treated in vivo with CoPP at 9 dpi, and supernatants from 3 pools were analyzed by ELISA. (D) Effects of treatment with CoPP on survival and mean parasitemia of wild-type controls and Ifng -/-mice (n = 9-15 mice) or (E) Rag2 -/-mice (n = 6). Experiments were performed twice, with similar results (A-D). ND, not detected; NI, noninfected; -, infected untreated controls. *P < 0.05 compared with infected nontreated controls. Error bars represent SEM.
Apoptosis, NO, TNF, and type I IFN are not involved in the protective effect of CoPP in T. cruzi infection. As our results indicated that CoPP targeted macrophage physiology to reduce parasite burden, we tested whether CoPP relied on classical mechanisms of parasite elimination by macrophages. Apoptosis is a common response to intracellular infections that reduces infection reservoirs. We investigated whether the effect of CoPP on parasite burden was due to the increased survival of uninfected cells. We found that treatment with CoPP reduced apoptosis of all cells following exposure to T. cruzi, irrespective of the whether the cells were infected ( Figure 4B ).
Production of type I IFN by infected cells represents a mechanism of defense against T. cruzi (34). As HO-1 expression in macrophages is required for IRF3 phosphorylation and IFN-β production in response to various stimuli (35), we tested whether treatment with CoPP would alter IFN-β production during T. cruzi infection. Infection induced IRF3 phosphorylation in macrophages (36), but CoPP had no effect ( Figure 4C ). IFN-β production increased upon infection, but was attenuated in macrophages treated with CoPP ( Figure 4D ). CoPP reduced parasitism in macrophages from wild-type mice and to a lesser extent in macrophages from Ifnar1 -/-mice ( Figure 4E ). However, treatment with CoPP reduced parasitemia of Ifnar1 -/-( Figure 4F ) mice to levels similar to those of wild-type mice.
Macrophages from CoPP-treated infected mice (8 dpi) produced less NO when stimulated with LPS ex vivo ( Figure 4G ). Macrophages infected in vitro and then treated with CoPP also produced less NO in response to LPS ( Figure 4H ). CoPP reduced parasitism in both wild-type and Nos2 -/-(iNOS-deficient) macrophages ( Antioxidants decrease macrophage parasitism, while pro-oxidants promote T. cruzi growth and reverse the protective effects of CoPP. To confirm that infection promotes respiratory burst, we incubated noninfected and infected macrophages with the ROS probe Experiments were performed at least twice. Error bars represent SEM. *P < 0.05 compared with infected untreated wild-type; # P < 0.05 compared with LPSstimulated infected untreated macrophages; † P < 0.05 compared with infected untreated knockout mice. Scale bars: 20 μm.
CM-H 2 DCFDA. Infection increased fluorescence starting at 6 hours after infection ( Figure 5A ). As expected, CoPP partially prevented the increase in ROS induced by infection ( Figure 5A ). By 6 hours after treatment with CoPP, macrophage parasite burden was still similar among treated and nontreated cells (Supplemental Figure 4 ). The antioxidants superoxide dismutase-polyethylene glycol (SOD-PEG), catalase-polyethylene glycol (CAT-PEG), bilirubin, biliverdin, N-acetyl-cysteine (NAC), and apocynin all reduced parasitism ( Figure 5 , B and C). H 2 O 2 alone promoted while coincubation with CoPP reversed the protective effects of CoPP ( Figure 5D ). Activation with PMA, which is known to promote respiratory burst, increased macrophage parasitism ( Figure 5E ). Low concentrations (10 μM) of the pro-oxidant paraquat did not promote parasitism but did reverse the protective effects of CoPP ( Figure 5F ). High concentrations (100 μM) promoted macrophage cell death, but CoPP plus paraquat prevented macrophage death and allowed parasitism ( Figure 5G ). Paraquat administration in vivo increased parasitemia and mortality of infected mice (Figure 5 , H and I), indicating that this effect is also relevant in vivo. Infection of macrophages from mice deficient in NOX2 subunit gp91 phox resulted in reduced parasitism as compared with wild-type mice, and CoPP did not have a protective effect ( Figure 6A ). BMMs from gp91 phox-/-mice produced less ROS than cells from wild-type mice upon infection ( Figure 6B ). In fact, infected gp91 phox-/-mice also had reduced parasitemia ( Figure 6C ) and reduced parasite burden in their splenic macrophages as compared with wildtype mice ( Figure 6D ). Still, infected gp91 phox-/-mice treated with CoPP showed reduced parasitemia ( Figure 6E ), suggesting that CoPP also acts through non-NOX2-targeted mechanisms in vivo, though to a lesser extent. Nevertheless, infected gp91 phox-/-mice died late in acute infection ( Figure 6F ), while gp91 phox-/-mice treated with CoPP survived the acute infection. The cause of death of infected gp91 phox-/-mice and the mechanism of protection by CoPP remain to be investigated. Together, these results suggest that macrophage exposure to ROS promotes infection.
Cellular iron is mobilized by oxidative stress and fuels T. cruzi infection. Ferritin and ferroportin have antioxidant response element (ARE) sequence motifs in their promoters and are upregulated by NRF2 activators (37, 38) . Ferritin-bound iron represents a redox-inert storage of iron. Intracellular microbes differ in the sources of iron they use, and although Neisseria scavenge iron-laden ferritin (39), the trypanosomatid Leishmania donovani feeds on only the labile iron pool (non-ferritin iron) (40) . The sources of iron used by T. cruzi amastigotes as a nutrient are currently unknown. Reduction of the labile iron pool could potentially decrease the iron available for dividing amastigotes or, alternatively, reduce oxidative stress. Therefore, we tested whether reduction of labile iron pool could be responsible for the effects of CoPP.
Treatment with CoPP, as well as with the antioxidants NAC and apocynin, increased H-ferritin and ferroportin-1 (FPN1) expression in infected macrophages ( Figure 7A) . Increased expression of H-ferritin and FPN1 is known to reduce the labile iron pool Transfection of THP-1 cells with H-ferritin as well as incubation with apoferritin reduced parasitism ( Figure 7, C and D) . The iron chelator desferrioxamine (DFO), which decreases intracellular iron availability, also reduced macrophage parasitism ( Figure 7E ). BMP and IL-6 promote degradation of FPN1 through hepcidin induction and have similar autocrine effects on macrophages (42) (43) (44) . Treatment with IL-6 or Fe 2+ did not alter parasitism, but incubation with both simultaneously, which is known to induce iron loading, increased parasitism ( Figure 7F ). Dorsomorphin, an inhibitor of the BMP/Smad4 pathway that ultimately promotes ferroportin expression (45) , reduced macrophage parasitism, and Fe 2+ reversed this effect ( Figure 7G ). Incubation with Fe 2+ also reversed the CoPP-mediated decrease in parasitism, as well as that produced by NAC or apocynin (Figure 7 , H-J). Fe 2+ also enhanced parasitism in macrophages from gp91 phox-/-mice ( Figure 7K ). Together, these results indicate that increases in the labile iron pool are associated with increased macrophage parasitism.
As HO-1 is known to affect iron physiologically in vivo (46, 47), we determined whether peroral iron was capable of attenuating the effects of CoPP. Administration of FeSO 4 increased parasitemia ( Figure 7L ). When given with CoPP, peroral FeSO 4 reversed the CoPP-mediated decrease in parasitemia, resulting in levels of parasitemia similar to those of mice treated with FeSO 4 (9 dpi) only.
Mortality followed a similar pattern ( Figure 7M ). These results suggest that CoPP-mediated reduction of the labile iron pool is involved in reducing parasite burden.
Discussion
To date, little is known about the role of ROS in T. cruzi parasite burden. In macrophages with an exhausted respiratory burst, T. cruzi growth increased, suggesting that ROS are protective (48) . This finding was further supported by the association between macrophage trypanocidal activity and the production of hydrogen peroxide (49) . Others have not found evidence that macrophage-derived ROS contribute to T. cruzi killing (50, 51) . However, previous studies have shown that amastigote burden significantly decreased when preinfected macrophages were treated with SOD and catalase during stimulation with IFN-γ (52). The authors interpreted this finding as a consequence of the increased NO production, but no functional studies supported this conclusion. Recently, evidence for peroxynitrite as a mediator of T. cruzi killing was found in IFN-γ/LPS-preactivated macrophages (10), but the subject was not approached systematically in unstimulated macrophages. To our knowledge, we have performed the first systematic study of T. cruzi infection under pro-or antioxidant conditions. This study indicates that ROS contribute to Y strain amastigote growth inside macrophages and increase overall parasitism.
Our results consistently point to oxidative stress as an enhancer of T. cruzi infection in macrophages. Indeed, the reduced macrophage parasitism in apocynin (NOX2 inhibitor)-treated and gp91 phox-/-macrophages indicate that ROS generated during respiratory burst are counterproductive against T. cruzi infection. This finding is corroborated by the observation that PMA and H 2 O 2 increase parasitism. We also observed reduced parasitemia and reduced macrophage parasitism in infected gp91 phox-/-mice. These data are in contrast with the reported increased parasite burden in apocynin-treated mice infected with strain Sylvio X10/4 at 35 dpi (53). However, these authors did not evaluate macrophage parasitism in their study. It is possible that ROS generation by NOX2 is required to control infection in particular tissues, to establish a late adaptive response, or to combat particular T. cruzi strains.
Evidence that oxidative stress fuels infection also comes from the observation that mice treated with the pro-oxidant paraquat had increased parasitemia, while mice treated with the NRF2 activators resveratrol and pterostilbene or deficient in gp91 phox expression had decreased parasitemia. Others have previously reported that treatment with NAC reduced T. cruzi parasitemia (54) and also parasite burden in Leishmania infection (55) , which resisted oxidative stress (56) .
Although transfection with HO-1 mimicked treatment with CoPP and reduced parasite burden, NRF2 target genes (other than HO-1) probably replaced HO-1 in its absence, as CoPP reduced parasite burden in macrophages from Hmox1 -/-mice but not Nrf2 -/-mice. These data demonstrate that CoPP operates through NRF2 target genes to reduce parasitism and were also corroborated by the ability of other reputed NRF2 activators to reduce macrophage parasitism and parasitemia.
Treatment with SnPP, an inhibitor of HO-1 activity, increased macrophage parasitism, but BMMs from Hmox1 -/-and Nrf2 -/-mice had parasitism similar to that in wild-type mice. It is possible that HO-1 controls infection and that the sudden loss of its activity increases parasite burden. In this case, compensatory mechanisms of parasite control could explain why Hmox1 -/-and Nrf2 -/-macrophages did not show increased parasite burden.
As we found that treatment with CoPP prevents apoptosis in T. cruzi-infected macrophages, it could be argued that CoPP acts by leaving macrophages intact to fight infection. However, macrophages can withstand heavy infection before rupturing, so survival alone does not explain how the macrophages eliminate the parasite (33) . We showed here that CoPP reduces parasitism despite severely reducing NO, a classical mechanism by which macrophages eliminate T. cruzi. These data indicate that CoPP triggers a rather unconventional mechanism of T. cruzi elimination. It is nevertheless possible that other cell types have mechanisms distinct from those of macrophages to fight infection and can benefit from the lower rate of apoptosis mediated by CoPP.
T. cruzi amastigotes require iron to grow in axenic cultures (57) . Chelating iron reduces T. cruzi infection in macrophages (58) and mice (59), while iron-rich diets or iron-dextran worsen infection (60) , suggesting that iron is critical for T. cruzi growth. Here, we found that several strategies to increase the labile iron pool resulted in increased parasitism, while incubation of infected macrophages with Fe 2+ reversed the decrease in parasitism mediated by CoPP and other antioxidants. In vivo, peroral FeSO 4 also reversed the reduction in parasitemia mediated by CoPP. These results indicate that antioxidants act by precluding iron uptake by the parasite or by reversing the oxidative stress generated by Fe 2+ , which would then increase parasitism through unknown mechanisms. Indeed, treatment with antioxidants increased expression of H-ferritin and FPN1 and increased the fluorescence of calcein, demonstrating that antioxidants reduce the labile iron pool during infection. These data also suggest that the decrease in the labile iron pool is involved in preventing macrophage parasitism.
Extensive literature describes HO-1 as an anti-immunogenic, antiinflammatory, and antioxidant enzyme (13) . ROS production is a well-known mechanism of pathogen elimination through respiratory burst in macrophages. Though it was expected that induction of HO-1 in infections would cripple the defenses and allow pathogen growth, we observed the exact opposite during T. cruzi infection. In fact, a number of recent findings point to NRF2 and HO-1 as mediators of innate immunity. Pathogen burden has been shown to be decreased by HO-1 overexpression in hepatitis C-infected hepatocytes (61, 62) , hepatitis B-infected mice (21) , enterovirus 71 infection in neuroblastoma (17) , and HIV-infected monocytes (23); however, the mechanism of this is unknown. The HO-1-mediated increase in bacterial clearance during sepsis has been associated with increased phagocytosis that could potentially mediate the protective effects (25) . Antioxidants have been found to reduce pathogen burden in a number of infections (16) (17) (18) , while hydrogen peroxide increased Mycobacterium abscessus burden (19) , indicating that ROS can be counterproductive in some infections. We showed here that HO-1 induction reduces macrophage parasitism and parasitemia, which correlated positively with oxidative stress and the labile iron pool. Whether this is the main mechanism by which NRF2 target genes operate to control infections remains to be determined.
In conclusion, we showed that T. cruzi parasitism correlated with oxidative stress, while CoPP reduced T. cruzi-induced ROS production and infection in an NRF2/HO-1-dependent manner. Similar to our findings, melatonin, a hormone that activates antioxidant mechanisms through NRF2 activation (63) , has been shown to decrease parasitemia and mortality (64) . Also, 15d-PGJ2, an agonist of PPARγ that induces NRF2/HO-1 expression in macrophages (65), decreases T. cruzi parasitism (66), as does curcumin (67), a reputed NRF2 activator. It remains to be elucidated whether melatonin, 15d-PGJ2, and curcumin act through NRF2/ HO-1-dependent mechanisms to reduce T. cruzi infection. The exact mechanism by which oxidative stress enhances T. cruzi infection remains to be clarified, though iron mobilization is a possibility. We believe the association between NRF2/HO-1 induction and protection against T. cruzi parasite burden and tissue damage demonstrated here opens a new avenue for the development of drugs against this pathogen.
Methods
Parasites, mice, in vivo infection, and treatments. T. cruzi Y strain trypomastigotes were maintained by blood passage in mice every 7 days. Trypomastigotes were isolated from heparinized blood by low-speed centrifugation and collection of the parasites that swam out of the pellet. Experimental infection was performed by i.p. injection of 10 4 blood trypomastigotes. In vitro experiments were performed with Y strain trypomastigotes obtained from infected LLCKM2 cell cultures (grown in 10% FCS supplemented DMEM). Parasitemia was evaluated in tail blood. C57BL/6 mice were bred and maintained in our facilities (UFRJ, IMPPG). (68) and Nrf2 -/-(C57BL/6) (69) bone marrow samples were a gift from Miguel Soares (Instituto Gulbenkian de Ciência, Oleiras, Portugal), and its use was authorized by Mark Perrela and RIKEN BRC through the National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan, respectively. Nos2 -/-, Tnfr1 -/-, Cd8 -/-, and Pfn -/-mice (all on the C57BL/6 background) were obtained from Centro de Criação de Animais de Laboratório (Cecal, Fiocruz, Rio de Janeiro, Brazil). Ifnar1 -/-(129Sv) and wild-type mice were obtained from USP. Ifng -/-(C57BL/6) mice were obtained from both Cecal and Instituto Nacional del Cáncer (INCA, Rio de Janeiro, Brazil). CoPP, SnPP, biliverdin hydrochloride (Blv), and bilirubin were purchased from Frontier Scientific, dissolved in 0.2 M NaOH, neutralized to pH 7.2 with 1 M HCl, and adjusted to the desired concentrations with PBS. Treatments were performed by daily i.p. injection of vehicle or 5 mg/kg SnPP or CoPP. Treatment with CoPP or SnPP started on day 1 or 2 hours after infection, with similar results, except in Supplemental Figure 2J , where CoPP was started at 2 dpi. Prolonged treatment with CoPP (but not with SnPP) resulted in high mortality of mice in control experiments; therefore, we stopped treatment after the peak of parasitemia (8-10 dpi). Treatment with peroral FeSO4 was performed by gavage (40 mg/kg) from 0 to 9 dpi. Paraquat was diluted in PBS (5 mg/kg) and injected i.p. in mice daily from 0 to 8 dpi. Resveratrol (3 mg/kg) and pterostilbene (2 mg/kg) were administered i.p. from 0 to 9 dpi (diluted in pure ethanol and then in PBS).
Parasite burden in macrophages from infected mice. Peritoneal cells from mice infected and left untreated or treated with apocynin, CoPP, or SnPP were collected at 8 dpi and seeded on coverslips inside 24-well plates for 48 hours in complete RPMI. Coverslips were then processed as described for in vitro assays of parasite burden.
In vitro assays for parasite burden. Thioglycollate-elicited peritoneal macrophages, BMMs, THP-1 differentiated macrophages, or L929 fibroblasts were used in these assays. THP-1 cells were differentiated as described below. Thioglycollate (4%) was injected i.p. into C57BL/6 mice, and peritoneal cells were collected by chilled RPMI washes 4 days after injection Flow cytometry. Thioglycollate-elicited peritoneal macrophages were collected as described above, resuspended in RPMI, left to adhere in 48-well plates for 4 hours, and then washed and infected with 10:1 trypomastigotes for 1 hour in complete RPMI. Cells were again washed and reincubated with complete RPMI with the indicated drug for 6 hours, and then washed and removed from plates using a rubber policeman. Macrophages were incubated for 45 minutes with CM-H2DCFDA (Invitrogen) under 5% CO2 atmosphere; data were acquired with a flow cytometer (FACScan, BD) . In calcein studies, thioglycollate-elicited peritoneal macrophages were left to adhere in 48-well plates for 24 hours and then washed and infected with 3:1 trypomastigotes for 12 hours in complete RPMI. Macrophages were then washed and loaded with the iron-sensitive fluorophore calcein-AM (Sigma-Aldrich) by preexposing the cells to 2 μM calcein-AM in iron-free PBS (Gibco, Invitrogen) for 15 minutes at 37°C under 5% CO2 atmosphere. Then, cells were scraped off the plate with a rubber policeman, and data were acquired with a flow cytometer. In lymphocyte apoptosis studies, spleen cell suspensions were prepared, and red blood cells were lysed with ACK buffer. Lymphocytes were then washed and plated in U-bottomed 96-well plates at a density of 10 6 /100 μl, pelleted, and double-labeled with appropriate antibodies (CD4-PE; CD8-PE; CD69-FITC; all from BD Biosciences -Pharmingen) in labeling buffer (PBS with 5% FCS, 5% normal rabbit serum, 0.5% BSA, and 0.5% NaN3). For apoptosis studies, cells were then washed, resuspended in annexin V buffer (BD Biosciences -Pharmingen), and analyzed in a flow cytometer.
Cytokine production by splenocytes. Spleen cell suspensions (10 6 /100 μl) from uninfected, infected control, and infected CoPP/SnPP-treated mice were prepared at 9 dpi. Cells were seeded in 96-well U-bottomed plates and stimulated for 24 hours with ConA (Sigma-Aldrich, 5 μg/ml), plate-bound anti-CD3 (prepared by incubating 1 mg/ml 2C11 antibody from BD Biosciences -Pharmingen in PBS for 12 hours and then washing) or for 48 hours with T. cruzi antigen (prepared by 10 freeze-and-thaw cycles applied to 10 8 culture trypomastigote pellets; a 5 × 10 6 parasite equivalent was used per well). Supernatants were frozen until detection of IL-4, IL-17A, or IFN-γ by ELISA (PeproTech).
NO and TNF production by macrophages. Peritoneal macrophages from infected mice or thioglycollate-elicited macrophages infected in vitro were used in these assays. Peritoneal washes from infected untreated or drugtreated mice were harvested at 8 dpi ( Figure 4A ) or 3 dpi (data not shown; similar results). Cells were left to adhere for 4 hours, then incubated with LPS (100 ng/ml LPS 011B4 from E. coli, InvivoGen) for 24 or 48 hours. Thioglycollate-elicited peritoneal macrophages (2 × 10 5 ) were diluted in RPMI, seeded in 96-well plates, and left to adhere for 2-4 hours. Non-adherent cells were washed away, and cells were allowed to rest in complete RPMI for 24 hours and then infected with trypomastigotes (3:1) for an additional 12 hours. Cells were washed and stimulated with LPS for 24 or 48 hours. Supernatants were assayed for NO (48 hours, Griess) or TNF (24 hours, ELISA, PeproTech).
Western blot for HO-1, IRF-3, H-ferritin, and FPN-1. Protein lysates from cultured cells were obtained with lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% NP-40, sodium deoxycholate 0.25%, 1 mM EDTA, 1 mM PMSF, 1 mM NaF) on ice for 10 minutes. Four-fold-concentrated SDS sample buffer was added to cell lysates (50 μg), which were boiled for 5 minutes, subjected to electrophoresis on a 8% SDS-polyacrylamide gel, and then transferred onto nitrocellulose. Protein molecular weight standards (Bio-Rad) were run concurrently. The nitrocellulose was blocked in TBS with Tween 20 (0.05%) containing 5% nonfat dry milk for 1 hour at room temperature. Blots were then probed overnight at 4°C with 1:2,000 monoclonal rabbit anti-HO-1, monoclonal goat anti-H-ferritin, monoclonal goat anti-FPN1 (Santa Cruz Biotechnology Inc.), or monoclonal mouse anti-p-IRF3 (Cell Signaling Technology). Bound primary antibody to obtain elicited macrophages. BMMs were obtained by differentiation in vitro. Femurs and tibiae were cut at the ends and flushed with RPMI medium. Bone marrow cells were seeded at 4 × 10 6 /ml per 100-mm 2 dish in 10 ml complete medium (RPMI [Gibco, Invitrogen] supplemented with 20% inactivated FCS, l-glutamine, HEPES, β-mercaptoethanol, and penicillin/streptomycin) with 20% conditioned medium (containing M-CSF, isolated from L929 cell cultures) for 4 days. Then, fresh medium was added, and cells were cultured until day 7. Cells were then harvested and used to seed round glass coverslips. A sample containing 3 × 10 5 to 5 × 10 5 elicited macrophages or BMMs was used to seed glass coverslips and left to adhere for 2 hours and rest for 24 hours. A sample containing 10 5 L929 fibroblasts was used to seed glass coverslips for 2 hours. Non-adherent cells were washed away before infection. Trypomastigotes obtained from cultures (as described above) were used to infect cells at a 3:1 (macrophages) or 10:1 (L929 cells) ratio for 12 hours, and then cultures were washed in RPMI. Drugs were diluted in complete RPMI and added to infected cultures for 48 hours. Then, cells were washed, fixed in absolute methanol, and stained with Giemsa (Sigma-Aldrich). Cells were then cleared and dehydrated in a xylol-acetone gradient, and slides were mounted with Entellan and photographed under an Olympus microscope (CX21, ×400 magnification). Pictures were printed, and amastigotes were identified and counted in samples of 40-200 infected macrophages from each group. Percentages of infected cells were determined from 20 pictures per group. In general, the percentage of infected cells paralleled amastigote burden within 48 hours, so we used amastigote burden to indicate parasitism. The following drugs were used in these assays: CoPP (50 μM, as determined by the dose-response curve in Figure 3 ), SnPP (50 μM), biliverdin (50 μM), and bili rubin (10 μM) (Frontier Scientific); resveratrol, pterostilbene, sulforaphane, and oltipraz (as determined by dose-response; Sigma-Aldrich); dorsomorphin (compound C, 10 μM, Sigma-Aldrich); mIL-6 (50 ng/ml, PeproTech); apocynin (1 mM; Sigma-Aldrich); NAC (10 μM, Sigma-Aldrich); FeCl3 (100 μM, Sigma-Aldrich); FeSO4 (100 μM, Sigma-Aldrich); DFO mesylate (DFO, 50 μM, Sigma-Aldrich); H2O2 (100 μM; 200 μM to reverse CoPP effects); PMA (200 ng/ml, Sigma-Aldrich); SOD-PEG (25 U/well); CAT-PEG (40 U/well); and paraquat (10-100 μM, Sigma-Aldrich).
Transfection of THP-1 cells with HO-1, NRF2, or H-ferritin. THP-1 cells were plated on glass coverslips in 24-well dishes (300,000 cells/dish) and differentiated into macrophages with PMA (40 ng/ml) for 72 hours, and then cultured for an additional 24 hours in DMEM supplemented with 10% fetal bovine serum in a 5% CO2 humidified atmosphere. The cells were transiently transfected with 800 ng of pcDNA 3.1 HO.1 or empty pcDNA 3.1 (Invitrogen) plasmids using Lipofectamine 2000 (Invitrogen). The levels of HO-1 expressed were measured by Western blotting 24 hours after transfections. Similar procedures were performed with 800 ng of pcDNA 3.1 NRF2 or empty pcDNA 3.1 (Invitrogen), ferritin pSG5 WT, and ferritin 222 pShuttleCMV (mutant ferritin) before differentiation with PMA.
Parasite burden in macrophages from infected mice. Peritoneal cells from infected mice treated with vehicle, apocynin, CoPP, or SnPP were collected at 8 dpi and seeded on coverslips inside 24-well plates for 48 hours in complete RPMI. Coverslips were then processed as described for in vitro assays of parasite burden.
Trypomastigote viability. Trypomastigotes (5 × 10 5 to 5 × 10 6 ) were treated in 96-well plates (as described for in vitro macrophage studies), and motility was monitored as an indicator of viability after 24-48 hours.
TUNEL assay for apoptosis. Thioglycollate-elicited peritoneal macrophages were cultivated in 24-well plates (10 6 /well), infected with trypomastigotes (3:1) for 12 hours, then washed and treated for 48 hours. Macrophages were then removed from plates by trypsinization and subjected to TUNEL staining (ApoTag Plus Peroxidase in Situ Apoptosis Kit, Millipore) according to the manufacturer's instructions.
was detected using donkey anti-goat, goat anti-rabbit, or anti-mouse IgG conjugated to horseradish peroxidase (Santa Cruz Biotechnology Inc.) diluted 1:1,0000, followed by incubation with the chemiluminescent substrate Luminol (Santa Cruz Biotechnology Inc.). The membrane was then exposed to X-ray film (Kodak). The same membrane was probed to detect the loading control protein ERK2 with mouse anti-ERK2 antibody (1:2,000, Santa Cruz Biotechnology Inc.).
Real-time qRT-PCR for IFN-β. Total RNA was extracted using TRIzol (Invitrogen), and 1 μg was reverse transcribed using M-MLV reverse transcriptase and random hexamer primers (Invitrogen). Subsequent real-time qRT-PCR analysis was performed on an ABI 7500 (Applied Biosystems) using SYBR green master mix (Applied Biosystems). Amplification conditions were as follows: 95°C (10 minutes), and 40 cycles of 95°C (15 seconds) and 60°C (60 seconds). All data were normalized to the corresponding HPRT expression, and the fold difference relative to the control level is shown. The analyses of relative gene expression data were performed with the 2 -ΔΔCT method (70) .
Histopathology. Hearts, quadriceps, and livers from infected mice were collected and preserved in formalin. Tissues were embedded in paraffin, cut in 5-μm sections, mounted on slides, and stained by a standard H&E technique. Sections were examined for parasite nests and photographed under an Olympus C21 microscope. Parasitism was expressed as either nests per 100 mm 2 (at 8 dpi, when parasites were confined to small nests) or number of parasites per field (at 15 dpi, ×400 magnification, parasites were counted on printed pictures, at least 20 per individual mouse slide).
Statistics. Statistical analysis was performed by Student's t test. The log-
